Picosecond dynamics of a silicon donor based terahertz detector device by Bowyer, ET et al.
Picosecond dynamics of a silicon donor based terahertz detector device
Ellis T. Bowyer, B. J. Villis, Juerong Li, K. L. Litvinenko, B. N. Murdin, Morteza Erfani, Guy Matmon, Gabriel
Aeppli, Jean-Michel Ortega, Rui Prazeres, Li Dong, and Xiaomei Yu 
 
Citation: Applied Physics Letters 105, 021107 (2014); doi: 10.1063/1.4890526 
View online: http://dx.doi.org/10.1063/1.4890526 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Nonlinear photoresponse of field effect transistors terahertz detectors at high irradiation intensities 
J. Appl. Phys. 115, 164514 (2014); 10.1063/1.4872031 
 
Graphene-insulator-graphene active plasmonic terahertz devices 
Appl. Phys. Lett. 103, 123109 (2013); 10.1063/1.4821221 
 
Ultrafast graphene-based broadband THz detector 
Appl. Phys. Lett. 103, 021113 (2013); 10.1063/1.4813621 
 
Rational design of high-responsivity detectors of terahertz radiation based on distributed self-mixing in silicon
field-effect transistors 
J. Appl. Phys. 105, 114511 (2009); 10.1063/1.3140611 
 
Increasing the operating temperature of boron doped silicon terahertz electroluminescence devices 
Appl. Phys. Lett. 91, 061109 (2007); 10.1063/1.2768195 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
94.195.166.119 On: Thu, 17 Jul 2014 15:22:09
Picosecond dynamics of a silicon donor based terahertz detector device
Ellis T. Bowyer,1 B. J. Villis,2 Juerong Li,1 K. L. Litvinenko,1 B. N. Murdin,1,a) Morteza Erfani,2
Guy Matmon,2 Gabriel Aeppli,2 Jean-Michel Ortega,3 Rui Prazeres,3 Li Dong,4
and Xiaomei Yu4,a)
1Advanced Technology Institute, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
2London Centre for Nanotechnology and Department of Physics and Astronomy, University College London,
London WC1H 0AH, United Kingdom
3Laboratoire de Chemie Physique, Universite Paris-Sud 11, 91405 Orsay, France
4Institute of Micro/Nanoelectronics, Peking University, Beijing, China
(Received 16 April 2014; accepted 7 July 2014; published online 17 July 2014)
We report the characteristics of a simple complementary metal-oxide-semiconductor compatible
terahertz detector device with low response time (nanoseconds) determined using a short-pulse, high
intensity free-electron laser. The noise equivalent power was 1 1011 W Hz1/2. The detector has
an enhanced response over narrow bands, most notably at 9.5 THz, with a continuum response at
higher frequencies. Using such a device, the dynamics of donors in silicon can be explored, a system
which has great potential for quantum information processing.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4890526]
Interest in the terahertz range of the electromagnetic spec-
trum has accelerated in recent years due to expanding areas of
application including wireless communications and imaging
for medicine and security. There is a wide range of THz detec-
tors1 that are sensitive, have a fast response or are easy to pro-
duce, but usually not all at once (see Table I). Pyroelectric
detectors2,3 and bolometric/thermal4–6 detection have a high
sensitivity but are relatively slow, while graphene7–9 and pho-
ton drag detectors10 are fast but relatively insensitive. Doped
germanium11 and superconductor-insulator-superconductor
(SIS) detectors12 are very sensitive and have a quick response
time; however, they are expensive and difficult to produce.
Field-Effect Transistors (FETs) have also attracted attention
for their THz detection capability,13–17 although most of these
are not based on the electronics industry staple, silicon. Those
detection schemes that do use silicon have limited spectral
range.18 Here, we present a simple silicon donor FET device,
which can be used to detect THz radiation with a high degree
of sensitivity and fast response times.
Donors such as phosphorus are routinely used to control
the conductivity of silicon, and have recently generated in-
terest for possible applications in quantum computing.20,21
The energy levels of group V donors in silicon are hydrogen-
like, and because of the permittivity and the effective mass
of the donor electron in silicon, the orbital transition energies
are shifted to the THz range. When cooled to below 30 K,
essentially all the donor electrons occupy the 1s ground state.
At these temperatures, the occupation of orbital states may
be controlled coherently with pulsed THz radiation.22 For
Quantum Information Processing (QIP) applications using
control of donors by THz beams tuned to their internal tran-
sitions, it is desirable to have detectors with a narrow band
response at the same frequency, and so a detector based on
the same donors in the same host is ideal. At low temperature,
optical excitation of the transitions can be detected electrically
via thermal ionization from the excited state and this mecha-
nism is very sensitive.23 Their energy can be tuned with
strain24 and magnetic field25 and the absorption bandwidth
can be controlled with donor density.26 Multiple species can
be incorporated at once to provide broader coverage.
The sample presented here (Fig. 1(a)) was fabricated
from silicon on insulator (SOI) material, i.e., a silicon device
layer with a thickness of z¼ 1.6lm, on top of a thin insulating
oxide layer, all supported by a thick silicon substrate (the
“handle”). In such material, the device layer is electrically iso-
lated from the substrate. The whole wafer was ion implanted
to create the active region, with a peak doping concentration
of 6 1022 m3, in the first 300 nm of the device. The back-
ground doping of the device layer was 5 1021 m3. The total
sheet density of donors, nD¼ 1.0 1016 m2, was measured
by secondary ion mass spectroscopy. The leads were heavily
doped with phosphorus (via ion implantation to a level of
1.0 1020 m2) so the doping level was well above the metal-
insulator transition. The leads and an active area of
450 450lm2 were defined by etching the surrounding
TABLE I. A selection of THz detectors currently available. A wide range of
speeds and sensitivities exist for such detectors and each is suited to differ-
ent niches.
Detector
Speed
(Hz)
Temperature
(K)
NEP
(W Hz1/2) References
Pyroelectric 109 300 … 2
0.1–103 300 108–1010 3
Composite
bolometers
25–100 0.3–1.6 1017–1015 4
107 <4 5 1013 5
Thermo-mechanical 103 300 4 1010 6
Graphene 1010 300 108 7–9
Doped germanium <109 3–4 … 2
150 3–4 1017–1016 19
Doped silicon 1.6–10 4.2–11 1017–1016 19
Si FET 3 104 300 1010 16 and 17
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silicon down to the insulating oxide layer. Electrical connec-
tion was made via aluminum contacts. The handle could be
used as a back gate; however, it was shorted to the drain for
all the experiments described here.
The device was cooled to 9 K in a helium flow cryostat. A
voltage of 8 V was applied across the source and drain leads
with an isolated voltage source. This voltage meant that the
optical measurements were performed at the knee of the DC
IV characteristic (Fig. 1(b)), with a dark current of 1.2lA
through the sample. The dependences of the device response
on temperature and back-gate voltage and the small-signal
photo-response will be reported elsewhere. The device was
illuminated with the pulsed free electron laser “CLIO” (Centre
Laser Infrarouge d’Orsay).27 The beam was kept unfocussed
(beam diameter of 10 mm) to obtain a constant intensity over
the active region. The transient current through the device was
measured with a trans-impedance amplifier and the response
recorded on an oscilloscope for post-processing.
At the donor concentration present in this device, the av-
erage donor separation is such that only the 1s to 2p0 and
2p6 transitions can be seen clearly in the spectral depend-
ence in Fig. 1(c)—higher orbitals are overlapping and form
bands. At 9 K, the efficiency of ionization for electrons in the
ground state is very small due to the low energy of available
phonons, and the density of electrons in the conduction band
is negligible, leading to low dark-current. Thermal ionization
from excited states is also weak, but much more likely than
from the ground state, and therefore the transient current
induced by the laser under constant source-drain voltage bias
is very much higher than the steady state current, as shown
in Fig. 1(d). The output from CLIO consists of bursts of 500
pulses, 16 ns apart. Individual pulses can be resolved, but the
signal does not fully recover between pulses. This very fast
response on a few-nanosecond timescale is consistent with
the expected RC time constant for the circuit used (limited
by the impedance of the electrical leads to the sample).
In spite of the RC-limited circuit, the actual dynamical
response of the donors can still be found experimentally
from the photo-response. The intensity dependence bleaches
(Fig. 2) when the fraction of atoms in the ground state drops
substantially below unity, and the intensity at which this
occurs can be used to infer the relaxation dynamics through
the use of a rate-equation model. The model allows us to
extract not only the relaxation rates through simple conduc-
tivity measurements but also to calibrate the responsivity
without the need for accurate intensity measurements.
The model consists of three energy levels g, x, and c rep-
resenting the ground 1s state, the excited 2p6 state, and the
conduction band. The rate equations for this system are
d
dt
fc ¼ PIfx  rg þ rxð Þf 2c ; (1)
d
dt
fx ¼ Pabs  1
T1
þ PI
 
fx þ rxf 2c ; (2)
where the electron sheet density in level i is given as the
dimensionless fraction of the neutral donor density,
fi(t)¼ ni(t)/nD. Each of the terms in Eqs. (1) and (2) corre-
spond to a transition, as explained in Fig. 2(a). T1 is the
FIG. 1. The device and its photoresponse. (a) Schematic of the device used
in this work. A 450lm square active region of silicon containing a layer of
implanted phosphorus is linked to contacts via silicon leads doped above the
metal-insulator transition. (b) I-V characteristics for the device at 9 K, meas-
ured in the dark (i.e., with the laser off). The red circle indicates the bias
condition used for the laser measurements. (c) Electrically detected spec-
trum of the device produced by scanning the laser wavelength at 10 dB
attenuation. The laser pulses had a spectral width of around 0.1 THz. (d)
Example of a current transient produced by a burst of pulses when the laser
was tuned to the 1s to 2p6 transition, at 7 dB laser attenuation. The thick
band across the top of the trace is a high frequency oscillation at the laser
pulse repetition frequency, as shown by the higher resolution inset.
FIG. 2. Bleaching of the photo-response. The measured current pulse integral,
Q, as a function of the laser attenuation is shown as red points. Superimposed
on the data is the average excess conduction band sheet electron density hDnci
versus pulse energy inferred from the rate equation fit (black line). Inset (a):
The three level model, which includes the ground state, the excited state, and
the conduction band electron occupation probabilities fg, fx, and fc, respec-
tively. The transitions are labeled with their transition rates. The thermal ioni-
zation from the excited state and the recapture of conduction band electrons
are both likely to involve cascades of several smaller steps involving phonons,
and the rates are therefore “effective” rates. The possibility of stimulated
emission is included with the absorption by the fx term. Inset (b): Example cal-
culations for the instantaneous excess electron occupation probabilities
Dfi(t)¼ fi(t) – fi(1) at an energy density of 0.16 J m2 per pulse.
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direct population relaxation lifetime from the excited state to
the ground state, taken to be 160 ps.28 PI is the inverse life-
time for thermal ionization from the excited state, and rg and
rx are recombination rate coefficients involving the ground
and excited states, respectively, related to the bulk values via
Rx,g¼ rx,g z/nD. To reduce the number of fitting parameters,
we assume that recombination to the excited state rx can
be incorporated into rg. In Eq. (2), note that both the proc-
esses which empty the excited state (relaxation and photo-
ionization) have rates proportional simply to the initial
occupation of the excited state—the final occupation of the
state is guaranteed to be empty—hence, exponential decays
are expected (blue dashed line on Fig. 2(b)). The recombina-
tion of conduction band electrons (with density fc) with ions
(which also have density of fc) has a rate proportional to fc
2,
which results in reciprocal decays and a time-dependent life-
time that depends on electron density (even though rg,x is
constant). This contrasts with T1 and 1/PI, which correspond
to fixed lifetimes independent of excitation.
The rate of photon absorptions per donor, Pabs, depends
on the absorption cross-section r, taken to be 1.2 1017 m2
for the 1s–2p6 transition,
28 and on the photon flux. The
absorption coefficient is then a¼ nDr¼ 0.12. Using the
small-signal approximation, the absorption rate is
Pabs ¼ aðfg  fxÞfph; (3)
where fg¼ 1 – fx – fc, from charge conservation, and fph is the
rate of incident photons per donor, which is proportional to
the pulse energy density hxnDfphsp. The pulse duration of
the CLIO laser is sp¼ 4 ps. For a given set of values of the
free parameters, PI and rg, Eqs. (1) and (2) can be integrated
for arbitrary pulse patterns and laser powers fph(t), and an
example is shown in Fig. 2(b). We took the initial condition
to be that all the donor electrons start in the ground state.
The resulting conduction band electron sheet density may
then be converted to the instantaneous current by
I tð Þ ¼ we
le
nc tð ÞelV ; (4)
where le and we are the length and width of the sample,
respectively, V is the bias voltage, and l is the electron mo-
bility. The time-average of the calculated photocurrent from
the model may be compared with the experimental integrated
photocurrent collected at the drain (Fig. 2 main panel),
assuming only that the integrated circuit response is inde-
pendent of the RC time.
For controlling the laser beam intensity in the experi-
ment, we used calibrated wire-mesh attenuators. However,
the unattenuated (0 dB) laser intensity is rather difficult to
measure accurately as it depends on sample reflection and
losses at the windows, etc. Likewise, the sample mobility is
also difficult to determine under laser excitation conditions
of significant photo-ionization. We therefore took these to be
fitting variables, making four free parameters in total (along
with PI and rg). With this number of variables the fit of the
model to the experimental intensity dependence is not con-
strained, and more data are required.
This extra information on the dynamics is provided by
the response to a pair of pulses with intensity close to
saturation, because the response of the system to the second
pulse depends on whether or not it has had time to recover
from the first. A simple cartoon of this effect is shown in
Fig. 3(a). Two-pulse measurements (Fig. 3 main panel shows
a typical example) were conducted using a beam splitter, and
a variable delay line for changing the relative time of arrival
of each. The beams were attenuated so that they had equal
intensity and each sat at the top of the linear part of the
power response shown in Fig. 2 (7 dB in the case shown in
Fig. 3). The angle between the beams as seen by the sample
was set at 20 to eliminate any coherent interference effects.
The available time-delays were limited by the 30 cm travel
of the delay stage.
A recovery time of order nanoseconds can be inferred
from Fig. 3, much smaller than the RC time constant inferred
from Fig. 1(d). The excited state relaxes with an exponential
decay and the conduction band electron density recovers
with a reciprocal decay as explained above. This can be seen
in the insets of Figs. 2 and 3, where fx(t) produces a straight
line on the log-linear scale, while the rate of reduction of fc
slows as the conduction band empties. It therefore takes
many tens of nanoseconds to fully return to the steady state.
For the conditions of Figs. 2(b) and 3(b), the 3 dB point is
only 62 ps after the pulse. It should be noted that the rapid
initial decay, followed by strong deceleration of the recovery
of nc, means that the level occupations after 16 ns are almost
independent of the starting conditions, so that the average
conduction band electron density between the 1st and 2nd
pulses is almost the same as that between the 2nd and 3rd, etc.,
in other words, “frame overlap” effects are negligible. The
results for the excess electron density from the fits are shown
superimposed on the experimental data of Figs. 2 and 3.
FIG. 3. The time-domain “pump-pump” experiment. The observed inte-
grated photocurrent is shown against the time delay between the pulses (red
points). A typical example is shown in which both pulses had an attenuation
of 7 dB (0.16 J m2). Superimposed on the data is the average excess con-
duction band sheet electron density from the model (black line). Note the
logarithmic scale of the ordinate. Inset (a) cartoon of the pump-pump effect.
The response is shown as a solid black line, and the output for a single pulse
near bleaching is indicated by the black dashed line. When a second identi-
cal pulse is introduced at the same (or similar) arrival time the output is less
than double (blue dashed line), but when a delay is introduced between the
pulses so that the excitation from the first pulse has relaxed back to the equi-
librium state, the time-integrated output is doubled (red dashed line). Inset
(b) An example calculation of the excess electron densities for a time delay
of 0.5 ns at an energy density of 0.16 J m2 per pulse.
021107-3 Bowyer et al. Appl. Phys. Lett. 105, 021107 (2014)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
94.195.166.119 On: Thu, 17 Jul 2014 15:22:09
For the fits, shown as solid black lines on the main panels
of Figs. 2 and 3, all four free parameters were global, i.e., a
single set was found that reproduces all the one-pulse and
two-pulse experiments simultaneously, and this fit was well
constrained. The recombination coefficient produced
was rg¼ 796 20 ns1, i.e., Rg¼ (1.36 0.3) 1011 m3s1
which is comparable to previous predictions.29,30 The inverse
thermal ionization time was PI¼ (5.06 0.5) 108 s1. The
unattenuated laser flux from the fit was 8006 170 photons per
laser pulse per donor, i.e., 0.816 0.16 J m2, which is 16 times
the value we estimated using the laser intensity outside the
cryostat with an infrared power meter and the estimated reflec-
tion losses. The fit can be considered a better calibration of the
laser power than the value from the power meter since its value
is only affected strongly by the absorption cross-section, r,
and the relaxation lifetime, T1, both of which are well known,
whereas accurate power measurements in the far infrared are
non-trivial. The mobility of similar samples in the absence of
light was established using Hall measurement to be 0.019
m2/Vs. This is lower than the low-temperature bulk mobility
for the same density (1.5 m2/Vs (Ref. 31) up to 15 m2/Vs for
high purity material32) so interface roughness effects must be
important. From our fit of the dynamics, the “effective” mobil-
ity was found to be 10 m2/Vs, which is within the expected
range of bulk values, and we infer that the photo-transport is
dominated by the bulk (where the donors are), which has less
scattering than the surfaces. Although some donors are ionized,
the fraction is only a few percent for the experimental condi-
tions we used, i.e., fc  1, as shown in the examples in the
insets of Figs. 2 and 3, so ionized impurity scattering of the
donors is unimportant. The ionized electron density is deter-
mined by the branching ratio PIT1, which can be controlled
with temperature. It is expected that fine control of the temper-
ature can be used to optimize the trade off between increasing
PIT1 (i.e., increasing the sensitivity) and the direct thermal ion-
ization of the ground state (responsible for the dark current).
We note that all data are well described by a model with T1
and rg,x, independent of laser power (as shown in Fig. 2).
At low intensities, we measured quantum efficiencies of
0.003 electrons detected per photon incident on the sample at
the 1s! 2p6 resonance (from the slope of Fig. 2). This corre-
sponds to a responsivity of S¼ 0.08 A/W. Taken together with
the noise level of 1lA and the dark current of 1.2lA, the
noise-equivalent power (NEP) (2e(Idarkþ Inoise))1/2/S,4 was
found to be 1 1011 W Hz1/2. For our device, the thermal
noise has a negligible contribution to this value.
These THz detectors seem likely to be useful tools espe-
cially for frequencies around 10 THz. While the microscopic
dynamics of the system take place on a sub-nanosecond
timescale the 1/e recovery time of 3.5 ns at 7 dB is close to
the expected time constant of the electrical circuit. This
means that the device speed is comparable to current THz
detectors, with applications such as mode locking of THz
lasers.33 The responsivity is better than for most broadband
detectors.9 The NEP is larger than a range of other cryogeni-
cally cooled detectors, and this could be further improved
with better control of the temperature and optimization of
the doping density to manipulate the rates of ionization and
recombination. Taking the NEP together with the high
response speeds and the possibility of frequency tuning,25
silicon FET devices such as these are strong candidates for
cost effective integrated THz detection applications, due to
the standard industrial processing.
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